Abstract: Tympanic membrane (TM) vibration under bone-conducted ultrasonic (BCU) stimulation was measured in four living human subjects using a laser Doppler vibrometer (LDV) to investigate the contributions of nonlinear distortions in the osseotympanic effects and/or the inertial effects of the middle-ear ossicles to ultrasonic perception in bone conduction. A signal processing algorithm to increase the signal-to-noise ratios of measured LDV signals by removing only optical spike noise components from the wave signals was presented in this study. Evidence of nonlinear distortions, especially the generation of audible subharmonics in the outer and middle ear, was then examined. We did not find any audible signals corresponding to the subjective pitch of a BCU tone in the TM vibrations. This suggests that nonlinear distortions in the osseotympanic and inertial effects do not contribute to BCU perception. Specific properties of perception may be related to mechanisms in the cochlea or afferent neural pathway. With this consideration, we discuss the possibility that the pitch perception of BCU does not relate to tonotopical motion of the basilar membrane corresponding to the subjective pitch, given that TM vibration can reflect the motion of cochlear fluid and hence the motion of the basilar membrane.
INTRODUCTION
Ultrasound is usually described as inaudible sound with a frequency above 20 kHz. However, ultrasound becomes audible when it conducts through bone [1, 2] , in which case it is referred to as bone-conducted ultrasound (BCU). Several studies have reported that BCU can be perceived by some of the profoundly deaf, including those with conductive and/or sensorineural hearing loss, as well as people with normal hearing [3] [4] [5] . In addition, boneconducted ultrasonic hearing has been found to be capable of supporting frequency discrimination and speech detection [3] . These findings have encouraged the application of BCU as an alternative communication channel for the rehabilitation of hearing disorders, and a BCU hearing device has been developed as a novel hearing aid system for profound deafness [6] . However, the perception mechanisms of BCU remain unclear.
Possible transmission pathways for ordinary bone conduction (BC) hearing are (1) osseotympanic effects, where sound radiates into the external ear canal and middle ear cavity, and is transmitted to the cochlea via the tympanic membrane (TM) and the middle-ear ossicles; (2) inertial effects of the middle-ear ossicles, which relate to the relative motion between the middle-ear ossicles and the temporal bone when the skull is vibrated by a BC signal; (3) inertial effects of the fluid in the cochlea, which relate to the relative motion between the cochlea fluid and the petrous bone; and (4) compression and expansion of the petrous bone encapsulating the cochlea by an applied vibratory force [7] [8] [9] [10] [11] [12] . However, even if a BC pathway is used, it is generally accepted that BC stimulates the cochlea by the same mechanisms as normal air conduction (AC), which von Békésy referred to as traveling wave theory [11] [12] [13] . In particular, the first two effects would stimulate the cochlea via the middle-ear ossicles. Hence, this stimulation is similar to AC stimulation from the cochlea point of view [12] . Consequently, the issues of why ultrasound can be heard via BC and how profoundly deaf people hear it remain unresolved and need to be elucidated for better development of a new hearing aid system.
An important clue is that the subjective pitch of a BCU tone sounds like that of a pure tone or relatively 'simple' complex tone in the very high but audible frequency range, independent of the frequency of the BCU tone. Several studies have reported that ultrasonic tones in BC produce a sensation of pitch as a pure tone at an audible frequency of about 8 to 16 kHz [1] [2] [3] [13] [14] [15] [16] [17] . A possible explanation for this phenomenon is the nonlinear distortion effects in the BC transmission pathway that consists of skull bone and soft tissues. In other words, ultrasound in BC may be perceptible through the generation of subharmonics in the audible frequency range owing to nonlinearities and the use of the ordinary hearing route, known as AC (i.e., osseotympanic effects and/or inertial effects with nonlinear distortions) [17] .
Some researchers have reported that when the TM is exposed to intense sound pressure levels in AC, it vibrates nonlinearly and can generate subharmonic vibrations. Parrack studied five-minute exposures of the normal young human ear at selected frequencies in the range of 17-37 kHz at sound pressure levels between 148 and 154 dB; he reported that hearing sensitivity was reduced at subharmonic frequencies [18] . Dallos and Linnell observed that subharmonics radiated from the TM of a small animal, such as a chinchilla or guinea pig, exposed to AC tones at various sound pressure levels greater than 110 dB [19] . Additionally, von Gierke found that subharmonics may be generated from a human TM when exposed to intense sound fields above a sound pressure level of 140 dB [20] . Although these phenomena have been observed for very intense AC sound fields, a similar phenomenon may arise in BC.
In this study, TM vibration under BCU stimulation was measured using a laser Doppler vibrometer system to elucidate the contribution of nonlinearity in the osseotympanic effects and/or the inertial effects of the middle-ear ossicles to BCU perception in normal hearing listeners. A laser Doppler vibrometer (LDV) allows noncontact optical analysis of vibrating objects with high accuracy. The vibrometer uses the principle of the Doppler shift to determine the velocity of a vibrating object through a comparison of the frequency for the emitted light with the frequency of the reflected light. It is possible to measure submicroscopic movements (in the nanometer range) of the TM that occur when it is stimulated with sound. In fact, the vibrometer has been used to measure middle-ear velocity in the diagnosis of the etiology of conductive hearing loss [21, 22] . The TM velocity is considered as a measure of the efficacy of sound conduction through the middle ear. Therefore, the TM velocity should exhibit acoustic characteristics related to the osseotympanic effects and also reflect the mechanical conductive characteristics of the inertial effects for the middle-ear ossicles.
The quality of the velocity signals depends on the amount of light reflected back from the measured object. A lesser amount of reflected light from the TM leads to increased noise output from the vibrometer. In our previous study [23] , we placed a few tiny pieces of aluminummetalized film (<1 mm 2 in size) as reflectors on the surface of the TM and focused the laser beam on one of the pieces so that the reflected light became stronger. This method, however, limited the measurement sites on the TM because it was difficult to place the reflectors at a preferred location of the TM with an angle parallel to the axis of the ear canal. In contrast, the LDV system adopted in the present study allowed us to measure TM vibrations more satisfactorily without any reflector, probably because of better optical sensitivity of the sensor, and made the experiment easier to conduct so that we were able to increase the number of subjects.
In addition, we used a signal post-processing algorithm to remove only optical spike noise components from the output waves and to increase the signal-to-noise ratios (SNRs) of the measured LDV signals. We then investigated evidence of nonlinear distortions, especially the generation of subharmonics in the outer and middle ear.
METHODS
Four subjects with normal hearing (within 20 dB HL at all frequencies ranging from 125 Hz to 8 kHz; evaluated by conventional audiometry) participated in the experiment. Their ages were 34-50 years. None had any history of neurological or otological disease. Subjects were provided with necessary information about the experiment, and informed consent was obtained from each participant prior to the experiment. The experiment was approved by the Institutional Review Board on Ergonomic Research of National Institute of Advanced Industrial Science and Technology.
The experiment was carried out in an anechoic room. Subjects were in a supine position on a reclining chair with the measured ear facing the LDV system. Any cerumen and downy hair obstructing the view of the TM was removed prior to the experiment. The LDV (NLV-2500-2: Polytec, GmbH) has a Class II approved laser with power of less than 1 mW and a minimum spot diameter of 25 mm. The sensor head of the vibrometer, which is a unit that emits laser light and receives the light reflected back from a vibrating surface, was held on the measured ear side with holding bars and sighted down on the central area of the TM through the ear canal. We then focused the laser beam at different locations around the umbo of the malleus and the light reflex on the TM to avoid variation attributed to the divided vibration mode of the membrane. The velocity waveform output from the vibrometer was band-pass filtered between 100 Hz and 100 kHz.
Ordinary BC and BCU stimuli were generated by a personal computer and fed to a transducer (MA40E7S, PIEZOTITE Ò , Murata Manufacturing Co. Ltd.) via a D/A converter (AudioFire12, Echo Digital Audio, Corp) and a programmable attenuator (PA-5, Tucker-Davis Technologies, Inc.). The transducer was attached to the mastoid portions behind the measured ear and fixed by a headset with contact pressure of approximately 5 N. AC stimuli were also generated by the above system but delivered by a tube phone (ER-2, Etymotic Research, Inc.), the tip of which was positioned at the entrance of the measured ear canal.
BCU tones of 27 and 30 kHz were used in the experiment. Thresholds for the BCU tones were measured by three-alternative forced-choice three-down one-up tracking procedure to set the intensity of the BCU stimuli to a sensation level of 15 dB. This level was sufficiently loud to be heard because of the narrow dynamic range of the BCU perception (13-23 dB according to Nishimura et al. [16] ). The stimuli were 2 s long.
Each subject also underwent a pitch-matching test in which the frequency of the subjective pitch for a BCU tone of 30 kHz was estimated by an adjustment or constant method in bone conduction. In normal hearing listeners, air-conducted sound generally cannot be heard at most by 20 kHz, while bone-conducted sound can be heard continuously from an audible to ultrasonic frequency range. With respect to pitch perception in BC, as the frequency of a BC tone is increased gradually from an audible to ultrasonic range, the pitch of the BC tone also rises but generally reaches the highest pitch that the listener can hear before the frequency reaches 20 kHz. Then, the pitch slightly falls down from the highest pitch and no longer exhibits significant change when the frequency of the BC tone is in the ultrasonic range. Thus, the subjective pitch of a BCU tone is considered not to be the highest pitch that the listener can hear in bone conduction [15] . Therefore, the subjective pitch can be estimated by comparing with ordinary BC tones in the audible high frequency range up to 20 kHz. In the constant method, two tones were sequentially presented in a pair to the subject. One is a BCU tone as reference and the other a variable BC tone. The order of presentation of the two tones was random. The subject was asked to judge which one was higher or lower in pitch than the other. The frequencies of the variable BC tones were ranged from 10 kHz to 20 kHz in 1-kHz steps. The percentage of times the subject judged that the variable tone was higher than the reference tone was plotted as a function of the BC tone frequency, forming a relation called the psychometric function. The frequency of the subjective pitch of the BCU tone was defined as the frequency of the variable BC tone detected on 50% of the trials. The psychometric function was also used to estimate the standard deviation. In the adjustment method, the subject himself can control the frequency of the variable BC tone continuously using a slider in a GUI. The subject was asked to alter the frequency of the variable BC tone until its pitch was matched with the subjective pitch of the reference BCU tone. This trial was repeated eight times in the present experiment, changing the order of the two stimuli. The frequency of the subjective pitch of the BCU tone was calculated by averaging the matched frequencies of the BC tones.
TM vibrations generated by AC and ordinary BC stimuli at audible frequencies close to the subjective pitch were also measured for comparison. The intensity of each audible tone was set to a level matching the loudness of the 30-kHz BCU tone with a sensation level of 15 dB. In addition, an equivalent sound pressure level corresponding to the loudness of the subjective pitch for the 30-kHz BCU tone was estimated using the AC tone.
LDV measurements from living objects, such as live human subjects, can sometimes fail or be distorted momentarily; this results in unique optical noise that forms spikes or impulses in the waveform of the measured signal [24] . Accordingly, we removed only the fault-related impulse components from the waveform by noise-reduction signal processing to improve the SNRs of the measured signals [23] [24] [25] . The procedure comprises (1) calculating the amplitude envelope of an output signal waveform and smoothing it with a low-pass filter, (2) regarding the mode value of the calculated envelope as the average envelope of the intact original signal with no impulsive noise, (3) finding the distorted region in the output signal where envelope values are more than several times the average value (a value of four times was empirically adopted as its criterion in the present study), and (4) applying an inverse Hanning window to all the distorted region in the signal. In this algorithm, the input is a raw LDV signal from the vibrometer and the output is the signal with impulsive waves removed. When no impulsive noise is detected, the output equals the input. A detailed for the effects of the post-processing is given in the Appendix. Figure 1 shows the velocity characteristics of the TM vibration obtained for the four subjects when a BCU tone of 30 kHz was presented. Each panel represents an individual result for each subject. The subjective pitches for the 30-kHz BCU tone were estimated at a frequency of approximately 17 (mean = 16.75, sd = 0.92), 14 (mean = 13.75, sd = 0.92), 17 (mean = 17.24, sd = 2.45), and 13 (mean = 13.03, sd = 0.21) kHz. The intensity of the BCU tone was set to a sensation level of 15 dB. According to loudness matching with an air-conducted tone close to the subjective pitch, the loudness levels of the BCU tone were equivalent to a sound pressure level of 68.6 dB at 15 kHz, 79.7 dB at 12 kHz, 56.7 dB at 15 kHz, and 81.0 dB at 13 kHz. Because an AC tone with the same frequency as that of the subjective pitch of the BCU tone was unfortunately difficult for each subject to hear, one of higher frequency AC tones that the subject can hear effortlessly in air conduction was adopted for the loudness matching. Figure 2 also shows the velocity characteristics of the TM vibration when a BCU tone of 27 kHz was presented. Almost no difference in subject pitch and loudness between the two tones of BCU was observed for each subject. In Figs. 1 and 2 , each TM vibration characteristic had a marked peak at the same frequency as that of the given stimulus. However, no signals appeared in the audible frequency range corresponding to the subjective pitch (13-17 kHz) or the first subharmonics (13.5 or 15 kHz).
RESULTS
For comparison, Fig. 3 shows the velocity characteristics of the TM vibration with AC tones at audible frequencies close to the subjective pitches and at the same loudness levels as in Fig. 1 . These velocities were obtained at the same measurement points on the TM as in Figs. 1  and 2 . In addition, Fig. 4 shows the velocity characteristics with ordinary BC tones at frequencies close to the subjective pitches and at the same loudness levels. However, the measurements using an ordinary BC tone with a similar frequency to that of the subjective pitch of the BCU tone were unsuccessful in subjects A (with a tone of 17 kHz) and B (14 kHz) because of poor signal to noise ratios. Therefore, results with another frequency tone close to the subjective pitch were shown for subjects A (16 kHz) and B (15 kHz) in Fig. 4 . In each panel of Figs. 3 and 4, there was a marked peak at the audible frequency of the stimulus itself.
Since it cannot be denied that the signals may be hidden in the noise, the following noise suppression procedure was carried out computationally. (1) The measured wave data (2 s long) were divided into a hundred and ninety-one 100-ms frames with a 10-ms step (i.e., the frames overlap by 90%), and each frame was transformed into a spectrum. (2) These spectra were added and averaged to represent a velocity characteristic of the TM vibration. Velocity characteristics with BCU tones of 30 and 27 kHz that were obtained by the foregoing noise suppression procedure from all the subjects are shown in Figs. 5 and 6, respectively. A marked peak at the frequency of the presented signal was observed, and no visible peaks rose above the noise floor in the audible frequency range of 1-20 kHz in each subject's data.
DISCUSSIONS
It has been reported that a BCU tone produces the sensation of pitch as a pure tone with an audible frequency of about 8 to 16 kHz [1] [2] [3] . Accordingly, it has been suspected that BCU is perceptible through the generation of subharmonics in the audible frequency range due to nonlinearities and the use of the ordinary hearing route. As shown in Figs. 1 and 2 in this paper, however, TM vibrations by BCU stimulation seem to have no detectable signals in the audible frequency range. In addition, the noise suppression procedure emphasizes the stimulation Even though the loudness levels of the subjective pitches provided by the BCU tones were equivalent to sound pressure levels from about 55 to 80 dB, there are no signals at frequencies corresponding to the subjective pitches (ranging from 13 to 17 kHz for our subjects) or subharmonics of the BCU tones (13.5 or 15 kHz), while AC tones with the same loudness as the subjective pitch of the BCU tone can generate visible peaks over the noise floor, as shown in Fig. 3 . If the auditory sensation of BCU resulted from audible subharmonics generated by osseotympanic effects with nonlinear distortions, a signal with a level corresponding to the loudness of the auditory sensation might arise in the audible frequency range. However, no such signal was found in Figs. 1 and 2 . Therefore, the results suggest that the osseotympanic effects with nonlinear distortions do not contribute to the perception of BCU. This conclusion is consistent with the fact that BCU can be perceived by subjects with conductive hearing loss.
When the ordinary BC tones in the audible frequency range were induced with the same loudness level as and at frequencies close to the subjective pitches, the tone signals appeared visibly above the noise floor of the TM vibration (Fig. 4) . The vibration of the TM observed by the LDV measurement accompanies the vibration of the entire temporal bone, including the middle-ear system. Stenfelt et al. (2002) estimated the net vibration velocity of the TM alone relative to the velocity of the temporal bone [8] ; the relative velocity of the umbo on the TM has an overshoot of around 7 dB between 1 and 2 kHz and then starts to roll sub. D
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(d) Fig. 3 Velocity characteristics of tympanic membrane vibration with AC tones at audible frequencies close to the subjective pitches of the 30-kHz BCU tone and at the same loudness levels as in Fig. 1 . Sound pressure levels were sound pressure levels of (a) 68.6 dB at 15 kHz, (b) 79.7 dB at 12 kHz, (c) 56.7 dB at 15 kHz, and (d) 81.0 dB at 13 kHz, as shown in Fig. 1 .
off at À20 dB/decade to 10 kHz. Although they did not report data above 10 kHz, the net velocity of the umbo (i.e., of the TM alone) could be expected to be about 10-15 dB lower at audible high frequencies of 10-20 kHz than the velocity of the TM observed by the LDV measurement. Even so, the velocity levels of the TM vibration for the ordinary BC tones with the same loudness as the subjective pitches were sufficiently high to be distinguished from the noise floor, as shown in Figs. 4(b)-4(d) . Therefore, if a subharmonic or signal corresponding to the subjective pitch of a BCU tone occurs in the audible frequency range as ordinary BC stimulation does, it can be found in the TM vibration in Figs. 1 and 2 . Since TM vibrations exhibit the mechanical functions of the middle-ear ossicles and since inertial BC results from relative translational motion between the ossicles and temporal bone, this result suggests that there is no evidence that inertial effects of the middleear ossicles with nonlinear distortions produce subharmonics. Consequently, BCU seems to be received by the cochlea as ultrasound itself, and the specific properties of the perception are related to the mechanisms in the cochlea or afferent neural pathway. The present study does not directly address the issues of the inertial effects of the cochlear fluid and the compressional and expansional effects. However, considering the mechanical connection between the middle-ear ossicles and the inside of the cochlea, motion of the fluid and basilar membrane (BM) in the cochlea generated by BC (i.e., the traveling wave) may be reflected in TM vibrations through the middle-ear ossicles [11] [12] [13] . An example of such a reverse directional flow of the cochlear function is otoacoustic emissions [26, 27] . If that is the case, the results of the present study suggest that no traveling wave corresponding to the subjective pitch of a BCU tone may occur regardless of which BC effects are used. In other words, the pitch perception of BCU can be an auditory sensation without causing any tonotopical motion of the BM in the audible frequency range corresponding to the subjective pitches. Unfortunately, there is still no direct evidence that TM vibration can reflect BM vibration at the audible high frequencies corresponding to the subjective pitches. As for the attenuation of vibration from the BM to the TM, although there are no data above 10 kHz, Stenfelt (2006) estimated that the umbo on the TM vibrates about 10 dB lower at frequencies of 7-10 kHz relative to the stapes footplate when the middle-ear ossicles are driven from the vestibule in the cochlea, while the fluid flow at the oval window on the footplate is expected to be much greater than the fluid flow over the BM resulting in a stimulation of hearing in BC at these high frequencies [12] . However, Stenfelt (2006) also considered that the stapes footplate vibration may not reflect the fluid flow in the cochlea causing the BM vibration for BC stimulation at these high frequencies owing to the different perception mechanisms of BC.
The idea that BCU perception can be an auditory sensation without causing the tonotopical motions of the BM may suggest to us that this perception does not depend on the place coding of pitch perception. However, even if the perception is not accompanied with the tonotopical motions of the BM, it can be realized by directly stimulating the auditory receptor cells arranged tonotopically on the BM. The idea would be controversial but be linked with a finding from electrophysiological studies on animals [28, 29] and psychoacoustic studies on human subjects [16, 30] that the pitch perception of BCU seems to be realized with no amplification of the outer hair cell system, because the cochlear amplification of the outer hair cell will not occur unless the BM vibrates. 
CONCLUSION
TM vibration under BCU stimulation was measured in human subjects using a LDV system and the contributions of nonlinear distortions in the osseotympanic effects and/ or the inertial effects of the middle-ear ossicles to BCU perception was investigated. The results show that there is no evidence for the generation of audible signals corresponding to the subjective pitch of a BCU tone in the TM vibrations. This suggests that nonlinear distortions in the osseotympanic and inertial effects do not contribute to BCU perception. We therefore suggest that specific properties of perception may be related to mechanisms in the cochlea or afferent neural pathway. is a case that does not require the post signal processing for noise reduction. Figure 8 (a) gives an example of a signal waveform of TM vibration with some optical spike noise components. In this case, two remarkable impulsive noise components were superimposed in the waveform, which are indicated in gray color. Consequently its velocity characteristic had a very high noise floor and caused a bad SNR as shown in Fig. 8(b) . In accordance with the algorithm for noise reduction as stated previously, only impulsive noise components were removed from the waveform and the remained parts of the waveform (indicated in dark color) were regarded as the original wave. The spectrum obtained from the post-processed waveform is shown in Fig. 8(c) . The noise floor got lower and the SNR became better. 
